Survival of chronic lymphocytic leukemia (CLL) cells requires sustained activation of the antiapoptotic PI-3-K/Akt pathway, and many therapies for CLL cause leukemia cell death by triggering apoptosis. Blood lipoprotein particles are either pro-or antiapoptotic. High-density lipoprotein particles are antiapoptotic through sphingosine-1-phosphate receptor 3-mediated activation of the PI-3-K/Akt pathway. Apolipoprotein E4 (apoE4)-very low density lipoproteins (VLDL) increase apoptosis, but the apoE2-VLDL and apoE3-VLDL isoforms do not. As increased B-cell apoptosis favors longer survival of CLL patients, we hypothesized that APOE4 genotype would beneficially influence the clinical course of CLL. We report here that women (but not men) with an APOE4 genotype had markedly longer survival than non-APOE4 patients. VLDL is metabolized to low-density lipoprotein through lipoprotein lipase. Higher levels of lipoprotein lipase mRNA in these CLL patients correlated with shorter survival. The beneficial effect of APOE4 in CLL survival is likely mediated through APOE4 allele-specific regulation of leukemia cell apoptosis. The APOE allele and genotype distribution in these CLL patients is the same as in unaffected control populations, suggesting that although APOE genotype influences CLL outcome and response to therapy, it does not alter susceptibility to developing this disease.
Introduction
Decreased apoptotic death of CD5 þ B lymphocytes contributes to their increased abundance in blood, producing the clinical entity chronic lymphocytic leukemia (CLL). The clinical progression of this disorder is often indolent, with a median survival over 20 years from the time of diagnosis to death.
1,2 CLL is characterized by the overexpression of antiapototic proteins such as bcl-2, and commonly employed therapies in CLL increase apoptotic cell death.
1,2 Activation of the phosphatidylinositol-3-kinase/Akt (PI-3-K/Akt) pathway in CLL cells inhibits apoptotic death. 3 Lipoprotein particles in sera also modulate apoptotic cell death. 4, 5 High-density lipoprotein particles, interacting through a sphingosine-1-phosphate receptor 3 (S1P 3 ), inhibit apoptosis by activating the PI-3-K/Akt pathway. 4 Very low density lipoprotein (VLDL) particles containing apolipoprotein E4 (apoE4) (but not the apoE3 or apoE2 isoforms) inhibit this pathway. ApoE4 VLDL cell surfacebinding recruits the phosphoinositol phosphatases sh3-containing inositol polyphosphate-5-phosphatase-2 (SHIP-2) to the plasma membrane causing a decrease in phosphatidylinositol-3,4,5-trisphosphate (PIP3) and subsequent reduction in phosphorylation of Akt. These events result in increased apoptosis. 4 As APOE4-VLDL increases apoptosis, and as increased B-cell apoptosis would likely favor longer survival in CLL, we hypothesized that an APOE4 genotype would beneficially influence the clinical course of CLL.
Materials and methods
Patients with CLL were recruited from the Duke University and VA Medical Centers from July 1999 through August 2006 as noted before. 6 The 183 patients studied here (from the cohort of 190 patients we reported earlier 6 ) were those on whom we had sufficient DNA to genotype for APOE. Fifty-eight patients (32%) were from the Durham VA Medical Center, and 125 patients (68%) from Duke University Medical Center. One hundred and thirty-three patients (73%) were male. Diagnosis and staging of CLL, and decisions regarding initiation of treatment were determined according to NCI Working Group criteria. 6, 7 The length of time from diagnosis to death from any cause was defined as overall survival, and the length of time to initiation of treatment from the date of diagnosis was defined as the time to treatment (TTT). All subjects had not received CLL therapy for at least 4 weeks before blood was sampled, and all patients gave informed consent according to protocols approved by the VA and Duke University Institutional Review Boards.
Blood anticoagulated with sodium heparin was processed to enrich the CLL cells by negative selection using mono clonal antibodies as we did before. 6, 8 The enriched CLL cells contained 0.9±0.1% (mean±s.e.m.) T cells and 3.4±0.6% CD19 þ /CD5 À cells ('normal' B cells). Purified cells were immunophenotyped on the day of isolation, and some were frozen for later analyses. Doubling times, CLL cell phenotypes including CD38 and Zap-70 assessment, IgV H mutation status and FISH analyses were performed as we have done before. 6, 8 APOE genotyping was performed as previously described. 9 We assayed lipoprotein lipase (LPL) mRNA by quantitative reverse transcriptase-PCR using TaqMan premade primers (Applied Biosystems, Foster City, CA, USA) for LPL and b-actin (ACAB) genes. RNA was isolated as before, 10 and cDNA was synthesized with the high-capacity archive kit (Applied Biosystems) using a minimum of 50 ng RNA. cDNA was amplified using the TaqMan Universal 2X PCR mix (Applied Biosystems). Standard semilogarithmic curves for each LPL and ACAB determination, correlating RNA concentration and C t values, were constructed for each experiment using a standard preparation of highly purified RNA obtained from pheresisisolated lymphocytes. 10 LPL values were normalized using its corresponding ACAB value. All samples were determined in duplicate. We dichotomized LPL values with receiver-operatorcharacteristics (ROC) curve analysis using 'good' and 'poor' prognosis groups. 'Good' prognosis was defined as not requiring treatment for 45.5 years from diagnosis (the 75th percentile for TTT), and 'bad' prognosis was defined as requiring treatment within o2.6 years from diagnosis (the 50th percentile for TTT). The ROC-determined LPL cutoff value was 6.2 units, with an area under the curve of 0.73. Comparisons of clinical and laboratory parameters between groups were done using the Wilcoxon's test and the w 2 test as appropriate. Survival and time-to-treatment Kaplan-Meier data were analyzed using the log rank test. A two-sided alpha of 0.05 was used for all tests.
Results
We analyzed a cohort of 183 CLL patients (50 females and 133 males) followed in the Durham VA and Duke University Medical Centers (Table 1) . Analysis of this cohort by gender revealed a profound survival benefit for female patients with an APOE4 genotype (that is, possessing either one or two APOE4 alleles) (P ¼ 0.02) (Figure 1a ), but there was no significant benefit for males (Figure 1b) . For the overall cohort (females and males together), APOE4 patients had longer survival than those with no APOE4 alleles (that is, a non-APOE4 genotype) (Figure 2a ), but this difference for the population was not statistically significant (P ¼ 0.09). No statistically significant differences in survival were observed in any of these populations between APOE2 genotype and non-APOE2 genotype patients, or between APOE3 genotype and non-APOE3 genotype patients (data not shown). The long survival in APOE4 CLL patients is contrary to that of the general population in which APOE4 genotype increases the risk for atherosclerosis and death from vascular disease.
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Chronic lymphocytic leukemia is an incurable disease, and the decision to treat this leukemia is based on a variety of factors including decline in other blood elements (development of anemia or thrombocytopenia), increasing lymphocyte count rates (for example, a lymphocyte doubling time of less than 1 year) and systemic side effects such as fever and weight loss. 7 TTT from diagnosis therefore reflects the rate of disease progression. The presence or absence of an APOE4 allele did not alter TTT in females (P ¼ 0.29) (Figure 1c ) or in males (P ¼ 0.42) (Figure 1d ) separately or in the combined cohort of males and females (P ¼ 0.98) (Figure 2b ). Of the APOE4 women, 7 of 12 received chemotherapy and none of 12 died. Of the non-APOE4 women, 22 of 38 received chemotherapy and 9 of 38 died. The survival and TTT for all men and women in the entire cohort was equivalent (Figure 3) .
The APOE genotype distribution of the CLL patient population did not differ from that of the general population 12 ( Figure 4 ). This was true when analyzed for the overall population and for women or men. For example, 17.6% of the women in the general population reported previously 12 were of APOE4 genotype, and 17.1% of the women in our CLL patients were of APOE4 genotype. These data suggest that although APOE genotype influences survival with CLL, it does not influence the risk of developing this disease.
Lipoprotein lipase is a secreted enzyme that hydrolyzes phospholipids in VLDL particles, thereby increasing serum triglycerides and converting VLDL particles to low-dendity lipoprotein (LDL) particles. In agreement with earlier publications, [13] [14] [15] higher levels of leukemia cell LPL mRNA were significantly associated with a shorter survival and shorter TTT in the analysis of males and females in our CLL cohort independent of APOE status (Figures 5a-d ), but this was statistically significant only in males (P ¼ 0.003 for survival and 0.005 for TTT). Likewise, in analyzing the entire cohort of males and females together, those with high LPL mRNA levels had a significantly worse survival (P ¼ 0.002) and TTT (P ¼ 0.002) (Figures 2c and d) .
We next analyzed survival of patients with CLL according to both APOE genotype and CLL cell LPL mRNA level (Figures  6a-c) . This co-analysis was possible in 110 of the 183 patients for whom enough mRNA was available for LPL analysis. APOE4 genotype patients with either low LPL or high LPL had much better survival (100%) than the non-APOE4 patients with either low LPL or high LPL. This was apparent when the population was considered as a whole (Figure 6a ), for females alone (Figure 6b ) or for males alone (Figure 6c ). These differences were statistically significant for the group as a whole (P ¼ 0.007) and for men alone (P ¼ 0.003). These results suggest that APOE4 genotype has a stronger effect on survival than does LPL level.
Clinical stage, lymphocyte doubling time, immunoglobulin IgV H mutation status, cytogenetic abnormalities and leukemia cell CD38 and Zap-70 expression are significantly associated with survival in CLL. 1, 2, 6, [16] [17] [18] Overall, women were of lower stage than men (P ¼ 0.02). Women with CLL and an APOE4 genotype compared with the non-APOE4 women patients were less likely to have Zap-70-positive cells (P ¼ 0.03), had a higher hematocrit at the time of diagnosis (P ¼ 0.009) and had fewer deaths (P ¼ 0.02) ( Table 1 ). There were no differences in CD38 expression, IgV H mutational status and cytogenetic abnormalities between women with and without the APOE4 genotype. High levels of LPL mRNA were significantly associated with unmutated IgV H status (Po0.0001), CD38 positivity (P ¼ 0.002), Zap-70 positivity (P ¼ 0.0006), high serum lactate dehydrogenase (LDH) (P ¼ 0.009) and higher (worse) scores on a CLL prognostic index scale 6 (P ¼ 0.003) ( Table 2 ). High LPL mRNA levels were also significantly associated with the cytogenetic abnormalities 17p13 del (P ¼ 0.02) and trisomy 12 (P ¼ 0.02), whereas low levels of LPL mRNA were significantly associated with the 13q14 del abnormality (P ¼ 0.04). APOE4 individuals tended to have lower LPL levels than non-APOE4 individuals, but the differences were not statistically significant (Table 1) .
Discussion
We observe here that the APOE4 genotype is associated with markedly increased survival in female CLL patients, but not with the length of time before treatment is required (TTT). These observations suggest that the APOE4 genotype may enhance responses to therapy. Therapies commonly employed in CLL trigger apoptosis of these cells. 2, 19 As apoE4-VLDL increases the apoptosis of endothelial cells initiated by withdrawing growth factors, 4 it may similarly increase apoptosis of CLL cells exposed to therapeutic drugs. Although our observations are striking and highly significant in this cohort of patients, they need confirmation in an independent cohort of patients.
The APOE4 allele specificity reported here could result from apoE isoform-selective binding of VLDL to cell surface receptors. In endothelial cells, apoE4-VLDL is proapoptotic through its interaction with an as yet unidentified cell surface receptor that is inhibited by the receptor-associated protein.
Receptor-associated protein inhibits binding of apoE both to LDL-family receptor members and to heparan sulfate proteoglycans on the cell surface. 5, 20 ApoE4-VLDL binding to CLL cells may enhance leukemia cell apoptosis initiated by various means (for example, chemotherapy) and improve overall survival.
Elevated LPL mRNA or LPL protein levels are associated with poorer prognosis in CLL. [13] [14] [15] LPL is a secreted lipase that binds heparan sulfate proteoglycans on the cell surface. Furthermore, LPL binds to VLDL particles (that also bind cell surface heparan sulfate proteoglycans) and hydrolyzes VLDL triglycerides (Figure 7) . 21 LPL thereby converts VLDL particles to LDL particles and increases serum fatty acids. Elevated LPL enzymatic activity would therefore increase the rate of conversion of VLDL to LDL. The deleterious effects of elevated LPL activity on survival in CLL may be due to the reduced abundance of apoE4-VLDL particles, a condition that would lead to decreased apoptosis.
Several groups have reported that women have a slightly longer survival than men in CLL (see Molica 22 for review), but this was not the case in our cohort. We did note, however, that the effect of the APOE4 allele on survival is much more pronounced in women, whereas the effect of LPL levels on survival is more pronounced in men. Women with CLL generally present with fewer unfavorable clinical features and respond better to treatment. 22 The reasons for these gender differences are not known. In our cohort, 92% of the women with CLL and an APOE4 genotype were postmenopausal at the time of diagnosis, but most were taking hormonal replacement therapy. Of the 50 women (range of age at diagnosis 42-85 years), 45 were postmenopausal, and 23 of 25 (on whom information was available) were receiving hormonal replacement therapy. Estrogens can be cytotoxic for CLL cells in vitro, 23 and diethylstilbestrol treatment of prostate cancer in patients with CLL has been reported to reduce blood CLL cell counts. 24 Several physiological metabolites of endogenous estrogen (including 2-methoxyestradiol) induce apoptosis of leukemia cells by inactivating Akt. 25 Estrogen receptor agonists stimulate PIP3 synthesis and enhances Akt phosphorylation in endothelial cells. 26 We have shown that Akt phosphorylation is inhibited by APOE4-VLDL. 4 Estrogen regulates APOE expression. 27 Androgen interacts with apolipoprotein genotype, protecting against APOE4-induced cognitive deficits.
28 APOE genotype alters lipoprotein particle distribution and number and triglyceride metabolism, and gender differences in these effects have been reported. 29, 30 These observations suggest that the femalespecific protective effect of the APOE4 genotype on survival in CLL could relate to several mechanisms including modulation of CLL cell apoptosis by estrogen through the apoE/Akt pathway.
APOE genotyping of patients with CLL may provide important clinical prognostic information, particularly in women. Most importantly, the allele-specific influence of APOE on disease progression may provide important new insights into the mechanisms of disease and response to therapy. Although the APOE4 allele is associated with improved survival of women with CLL, the mechanism of this effect is not known. The apoE4 isoform itself, through isoform-specific interactions with lipoprotein particles or cell surface receptors, may directly mediate this survival benefit. Alternatively, the effect of the APOE4 allele on CLL may be indirect, through its regulation of inflammatory responses, lipoprotein particle distribution, cholesterol metabolism or fatty acid metabolism. Whether the enhanced survival of APOE4 women is due to differences intrinsic to the B-lymphocyte or due to differences in the blood and tissue environments in which these cells reside is also not known.
The frequency of the APOE alleles in the CLL patient population was identical to that of control populations. APOE genotype therefore does not appear to affect susceptibility to CLL, but influences the clinical course of disease, particularly after therapy is initiated. In contrast, APOE genotype does influence susceptibility to other diseases, most notably Alzheimer's, in which APOE4 markedly increases risk. 9 The beneficial impact of APOE4 in CLL and its deleterious impact on Alzheimer's disease expression may relate to a common mechanism of apoE4 in enhancing apoptotic cell death. Figure 7 Proposed model of CLL and the interaction of ApoE4-VLDL and LPL through cell surface receptors. ApoE4-VLDL tethers to a cell surface receptor (either a heparan sulfate proteoglycan or an LDLreceptor family member), thereby recruiting SHIP-2, which in turn increases cell apoptosis. 4 VLDL particles are converted to LDL particles by the lipase activity of LPL, and LDL can also bind to cell surface heparan sulfate proteoglycans. CLL patients with an apoE4 genotype (but not APOE2 or APOE3 genotype) would thus have increased apoptosis of their leukemia cells induced by apoE4-VLDL and better prognosis, whereas patients with high LPL levels would have lower ApoE-VLDL, mild apoptosis of leukemia cells and worse prognosis.
